Crocodiles have been hunted and consumed for centuries for skins, nutrients, and medicines. These indomitable trends have overpowered restrictions from wildlife and conservation agencies, continuing the illegal trades of crocodiles across the world. This paper described the development of a very stable, fast, and secured polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) assay for the confirmed detection of Crocodylus porosus under any matrices and decomposing treatments. Two very short-sites (77 and 127-bp) of atp6 and cytb genes of C. porosus were controlled digested with AciI enzyme; producing distinctive RFLP patterns (83, 54, 44 & 23 bp). The enzyme digested assay was stable following extreme boiling, autoclaving, and microwaving treatments that break down DNA. The sensitivity was tested and validated in model meatballs and it was suitable for detecting 0.01% crocodile meatball matrices. The optimized RFLP assay was used to screen 3 commercial meatballs and 21 traditional medicines (TM). While no crocodile DNA was found in commercial chicken meatballs, 4/21 TM products were found correctly labelled to contain C. porosus DNA. The novel assay demonstrated sufficient merit to be used by regulatory agencies for any forensic and/or archaeological identification of C. porosus even under the state of decomposition.
Introduction
In 2016, the estimated global crimes on environment were USD 91-259 billion, threatening governments' revenues, legitimate businesses, sustainable development, peace, and security. [1] In this regard, the contribution from illegal wildlife trades was USD 7-23 billion, profusely risking global ecological balances. [1] Usually, wild animals and their by-products are traded worldwide to feed the growing demands for exotic foods, clothing, decorative items, traditional medicines, and pets. [2] While wildlife trades have been mostly illegal [3] due to the protective measures by various conservation agencies, [4] the increasing profit-making pursuit by selling cheaper meat and endangered animal products at higher prices have increasingly become a greater threat to the threatened species. [5] Tensen [6] highlighted the four main reasons of increasing demand for wildlife: the uses of animal products in TM; superior taste and nutritive quality of wild meat as compared to captive breeds; unavailability and the growing exotic pet industry. In this regard, the increasing demand of some reptile meats, such as crocodiles, caimans, alligators, iguanas, and turtles has resulted in the development of national breeding programs, at least, in 30 countries including North, Central, and South America, Africa, Asia and Australia. [7] While crocodiles are mostly reared for their valuable skins, its meat and blood are valuable by-products for human consumption in exotic foods, [8] tonic medicines [9] and cosmetics. [10] Besides having antimicrobial, antioxidant and anti-inflammatory activities, [11] certain crocodile products, such as blood, are consumed as asthma remedy. [12] Additionally, crocodile products possess good antiaging characteristics, [10] reduce skin irritation, heal wounds [13] and hinder human immunodeficiency virus (HIV-1) infection in-vitro. [14] However, many reptiles such as crocodilians, lizards, snakes, and chelonians are a significant reservoir of Salmonella spp. and contribute to human non-typhoidal salmonellosis. [15] Additionally, crocodiles are not permissible in Muslims halal [16] and vegetarians [17] consumers' goods. As authentication is concerned, six PCR assays [17] [18] [19] [20] [21] [22] have been proposed for crocodile identification. Two of which are conventional PCR, [18, 22] one PCR-RFLP [19] and the other three are multiplex PCR assays. [17, 20, 21] However, the documented methods are based on very long amplicon-lengths (373 bp-2000 bp) that are not so stable under extensive processing of food, pharmaceuticals, and cosmetics. Although the authors have claimed the stability of their assays in putrefied samples, numerous recently published reports [23] [24] [25] could not support the sustainability of so long ampliconbiomarkers, especially under the states of decomposition. So there is a call for a more stable, reliable and robust method for crocodile authentication in extensively processed samples such as traditional medicines. In our last report, we documented a double-gene targeting conventional multiplex PCR with short-amplicons but it was not tested in medicinal samples. [26] Also, it was not self-authenticating, needing the sequencing help for authenticity verification.
In this regard, multiplex PCR-RFLP (mPCR-RFLP) assay, especially the double gene targeting one with short amplicon targets, would be specifically useful and trustworthy for the simultaneous detection of crocodile products in food and TM products. Because of the presence of more than one target for the same species, the detection of the missing target would be complemented by a second target because it is highly implausible that both targets would be broken down under compromised states. [27] Recently, several double gene-based PCR-RFLP methods have been documented for squirrel, rat, and rabbit species; [28] cattle, buffalo, and pork species [27] and detection of pig, dog, cat, rat, and monkey species. [29] However, such a valuable method has been missing for crocodile detection. To overcome the knowledge gap, for the first time, we developed and validated a double gene targeting duplex PCR-RFLP assay with very short and stable amplicon-markers (127 bp of cytb gene and 77 bp of atp6 gene) that yield distinctive RFLP patterns (44 bp and 83 bp for cytb gene and 23 bp and 54 bp for atp6 gene) for C. porosus in various processing conditions, meatball formulation and traditional medicine products.
Materials and methods

Collection of meat samples
Raw meat samples from chicken (Gallus gallus) and crocodile (C. porosus) were purchased in triplicates on three different dates from Pasar Besar Jalan Othman, Petaling Jaya, Selangor, Malaysia and Krocies Outlet, Old Klang Road, Kuala Lumpur, Malaysia, respectively. A total of 27 (3 x 3 x 3) commercial meatballs of 3 different brands were purchased from Malaysian outlets on three different dates. Purchase of TM is summarized in Table 1 . All samples were stored at −20°C until further use to prevent enzymatic degradation of DNA. [29] DNA extraction DNA was extracted from meat and meatball samples using Yeastern Genomic DNA Mini Kit (Yeastern Biotech Co., Ltd, Taipei, Taiwan). [30] Briefly, 20 mg of muscle tissues was grounded and homogenised with a micropestle. Then, lysis buffer was added, followed by proteinase K. The mixture was incubated at 60°C to lyse cells and proteins. A spin column was used for the attachment of DNA to the glass fibre matrix under centrifugation. Potential contaminants were removed with ethanol containing wash buffer. The purified DNA was eluted in an elution buffer. DNA from plant species was extracted using the DNeasy Plant Mini Kit (QIAGEN GmgH, Hilden, Germany). [27] DNA from TM was extracted using Yeastern Genomic DNA Mini Kit (Yeastern Biotech Co., Ltd, Taipei, Taiwan). Concentration and purity of the extracted DNA were determined using UV-VIS Spectrophotometer (NanoPhotometer Pearl, Implen GmbH, Germany) based on the absorbance at 260 nm and absorbance ratio at A260/ A280, respectively [31] .
Design of species-specific primers
Two sets of oligonucleotide primers specific to the cytb and stp6 genes of C. porosus were designed following a standardized procedure published in our earlier report. The primers used were summarized in Table 2 . The specificity of the designed primers was ensured by three different testing systems. Firstly, the theoretical specificity of the similar and distant species was confirmed by online Basic Local Alignment Tool (BLAST) in NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Secondly, the total mismatches between the target and non-target species were determined in-silico by aligning the primers against 37 animal and plant species that included 13 true crocodile species, 14 terrestrial meat providing animals, 2 aquatic species, and 3 plant species using ClustalW multiple sequence alignment program (http://www.genome. jp/tools/clustalw/). Finally, real specificity was confirmed through a PCR assay against the total DNA templates of 18species. The primers were synthesized by Integrated DNA Technologies (IDT), Singapore, and supplied by First BASE Laboratories Sdn. Bhd., Selangor, Malaysia. To confirm the authenticity, all PCR products product (127 bp of cytb gene and 77 bp of atp6 gene) were sequenced as explained in the previous report.
[26] Preparation of crocodile and chicken model meatballs
Pure meatballs were prepared according to [33] with a balanced amount of grinded chicken and crocodile meat with cooking salt, garlic and other ingredients as shown in Table 3 . To obtain crocodile-spiked chicken meatball, 1%, 0.5%, 0.1%, and 0.01% crocodile meat was added with 100 g of chicken meat in the formulation. The meats with all other ingredients were mixed well by vigorous blending and the emulsified homogenous meat mixtures were shaped into balls. To simulate cooking and extensive food processing effect, prepared raw meatballs were subjected to cooking at 100°C for 90 min, autoclaving at 120°C under 45-psi pressure for 2.5 h and subjected to microwave cooking for 2.5 h. All samples were prepared on three different days in triplicates and were stored at −20°C for DNA extraction. [34] Test for model chicken meatball, commercial chicken meatball, and TM products
The sensitivity of the assay was determined by extracting the DNA of spiked model chicken meatball with crocodile meat (10%, 1%, 0.5%, 0.1%, and 0.01%) under raw and extreme autoclaving (120°C at 45 psi for 2.5 h). Then, model chicken meatball was subjected to stability test by boiling at 98°C for 90 min; autoclaving for 2.5 h and microwave oven cooking at 700 W for 30 min. A total of three different brands of each commercial chicken meatball were cross-tested with crocodile-specific primer in triplicates. For TM products, 30 mg sample was used for DNA extraction. [35] , 0.5%, 0.2%, 0.1% and 0.01% of crocodile meat were mixed with a balanced amount of chicken and to make 100 g specimen of each meatball meat.
Enzymatic digestion and RFLP analysis
The sequences of the amplified PCR products were retrieved from NCBI. Publicly available NEBcutter version 2.0 software (http://tools.neb.com/NEBcutter) was used to select the specific and appropriate restriction endonucleases for all the PCR amplicons prior to test the mPCR-RFLP assay to ensure distinctive RFLP patterns for all targets. [35] The restriction patterns of the PCR amplicons of crocodile mitochondrial cytb and atp6 genes are given in Table 4 .
RFLP analysis of crocodile PCR products
The simplex PCR products of crocodile cytb and atp6 genes were digested with AciI restriction endonucleases (New England Biolabs, Ipswich, MA, United States), respectively. The total volume of each digestion reaction was 25 μL, which was composed of 1 μg of unpurified PCR product, 1× digestion buffer (supplied with the enzyme), 1U of each enzyme, and a balanced amount of sterilized distilled water. The reaction mixtures were gently mixed and spun down and incubated at 37°C with AciI in a shaking water bath for 20 min. Finally, the digestion reaction was stopped by heating the reaction mixtures at 65°C for 20 min. The duplex PCR products were digested simultaneously in a 25 μL reaction mixture containing 20 μL of unpurified PCR product, 2.5 μL of digestion buffer and 1.5 μL of AciI. The reaction was mixed by gentle shaking, spun down, and incubated in a shaking water bath first at 37°C for 20 min and then at 65°C for 20 min to stop the enzymatic digestion. The digests were separated in an automated QIAxcel Advanced Capillary Electrophoresis System (QIAGEN GmbH, Hilden, Germany) using a QIAxcel DNA High-Resolution Kit (QIAGEN GmbH, Hilden, Germany).
Results and discussion
Quality and quantity of extracted DNA Total genomic DNA was obtained from pure and admixed meat products under raw, boiled, autoclaved, and microwaved processed meat samples. DNA was also collected from model and commercial meatballs and TM. To determine concentration and purity of the extracted DNA samples, an absorbance ratio of 1.7-2.0 at 260/280-nm was taken as standard because many earlier reports have used it as a benchmark for good quality DNA. [27] As expected, DNA extraction from most of the TMs was quite challenging. Out of the 21 TMs, three crocodile herbal soup and a dried meat powder yielded 169-431 ng.µL −1 DNA but they were needed to be soaked and boiled in water for 3 h. On the other hand, four herbal jellies yielded 10-15 ng.µL −1 DNA and other 13 TMs yielded 20-35 ng.µL −1 DNA. These differences could be attributed to differential processing and contents of TMs (herbal soup, herbal jelly and dried powder). However, very poor DNA yield from herbal jellies was probably because of the extensive degradation of DNA during manufacturing. Furthermore, TM preparations often involve decoction method to consume the essences of the materials and it makes the release of DNA from background matrices very difficult. [35, 36] Optimization of multiplex PCR-RFLP: specificity and sensitivity issues In this research, targeting short length primers of mitochondrial cytb (127 bp) and atp6 (77 bp) genes were used as reported by. [26] Number of mismatch nucleotides, pairwise distance, and phylogenetic tree were prudently evaluated against 37 species. Only one mismatch was found between C. porosus and C. siamensis whereas other Crocodylus and animal species recorded 9-77 nucleotide (7.08-60.63%) mismatches in cytb and 6-57 nucleotide (7.79 -74.03%) in atp6 targets. Pairwise distances were also computed, and the minimum distance (0.01) was observed with C. siamensis for both targets. The maximum distance of 2.13 was found in wheat (Triticum aestivum) and pig (Sus scrofa) species; while 0.93 in wheat (Triticum aestivum) and onion (Allium cepa) for cytb and atp6 targets correspondingly. Additionally, all crocodile species were clustered in their respective domains when the amplicon sequences were subjected to construction of phylogenetic trees and so it was highly unlikely that they would be cross-amplified by PCR. [26] After passing through the theoretical screening, simplex PCR assay was optimized for each of the target genes of C. porosus. Subsequently, duplex and triplex PCR systems were optimized and the products were separated and visualized using a QIAxcel Advanced Capillary Electrophoresis System (QIAGEN Hilden, Germany) with QX Size Marker 25 bp-500 bp v2.0. Both in-silico and PCR analyses confirmed adequate genetic distances among the target and non-target species and so no cross specificity was detected. The originality was further confirmed by sequencing as documented earlier. [26] Literature searched revealed three multiplex PCR assays involving crocodile identification are available. [17, 18, 20] However, those reports are based on very long amplicon-lengths (373 bp-2000 bp) that are not so stable under extensive processing of food, pharmaceuticals, and cosmetics. [37] Additionally, none of these documents included real food or TM samples and so the reliability of those assays for foods and TMs screening applications cannot be confirmed. This gap was partially addressed in our recently published report [26] wherein C. porosus was detected in raw, processed, and commercial chicken meatballs and some TMs. However, this report was not confirmatory and needed help from sequencing. Moreover, the number of real-life TM samples was only three, which were insufficient for drawing a statistical conclusion.
Authentication of amplified PCR products definitely increases the reliability of the assay, and PCR-RFLP method based on lab-on-a-chip technology has become a useful technique for the authentication of meat species such as cattle, buffalo, porcine, [27] or fish. [38] The identification of game or exotic meats by this technique has been reported for species such as rat, rabbit, and squirrel [28] and dog, cat, rat, monkey and porcine. [29] Other methods such as probe hybridisation or DNA sequencing can be used but those are expensive, laborious and need high-quality DNA which is quite unlikely for heat/chemical-treated DNA extracted from processed meats or meat products. [39] In this regard, PCR-RFLP has been proven to be a practical, highly repeatable, and reliable technique for meat species identification in food and meat industry. [40] Recently double gene targeting PCR-RFLP assays were documented for the differentiation of buffalo, bovine and porcine. [41] This mPCR-RFLP assay was self-explanatory and can confirm product authenticity using simple instrumentation. [40] Therefore, RFLP analysis was performed for the double-gene targeting mPCR assay for C. porosus under various matrices.
In this study, the multiplex PCR products of crocodiles were digested simultaneously with AciI, and clear fingerprints were obtained for each of the two different targets (Fig. 1) . First, each target was digested separately to study its individual restriction patterns in order to eliminate any ambiguities that may arise from the final multiplex PCR products. Lane 2 and Lane 4 in Fig. 1 demonstrate two fragments of length 23 and 54 bp; and 44 and 83 bp, which resulted from AciI digestion of the PCR products of crocodile atp6 and cytb genes in separate tubes, respectively. Finally, the multiplex PCR products (lane 5) were subjected to RE digestion with AciI and this generated molecular fingerprints for all targets (atp6 and cytb) composed of a total of four fragments (23, 44, 54 , and 83 bp) (lane 6). After the optimization of mPCR-RFLP assay under pure states, it was evaluated for the screening of model chicken meatball under raw, boiled, and autoclaved states. The limit of detection for mPCR-RFLP assay was 0.5% adulteration level (Fig. 2 and Table 5 ). Model chicken meatballs were deliberately adulterated with crocodile meat, and their restriction digestion patterns were studied (Fig. 2) . The digest of all samples clearly presented the signature fingerprints of 4 fragments (lanes 4-9), reflecting that variations in food processing treatments cannot affect the stability of any of the biomarkers developed in this study. In other words, this novel mPCR-RFLP assay was sensitive, reliable, and robust for the discriminatory detection of crocodile in processed foods. [19] has carried out PCR-RFLP to discriminate C. porosus, C. palustris and C. gangeticus in fresh blood samples, nonetheless, the assay was not tested under food processing conditions. Previously, successful PCR-RFLP assay has been carried out in various food products, namely frankfurter, [27, 42] meatballs, [34] burgers [29, 41, 43] for the detection of rabbit, rat, squirrel, beef, buffalo, pig, cat, dog, and monkey.
Earlier, we have scientifically proven that the stability of the PCR assay under extensive processing atmosphere largely depends on the amplicon sizes; longer targets break down before the shorter ones. [26] This study carefully addressed this point and kept amplicon lengths of 77 bp and 127 bp; far shorter than previous amplicon sizes of 628 bp and 780 bp; [18, 19] 373 bp, 486 bp, and 578 bp; [20, 21] 1000 bp and 2000 bp [17] and 600 bp and 690 bp. [22] Moreover, double gene sites were used as targets for each species to complement a potential missing target. Therefore, this novel mPCR assay offered better reliability but equivalent or better sensitivity compared to those of other published reports. [27] Meatball analysis
In the food industry, the substitution of costly meats by a cheaper substitute is very common and it is frequently done to increase profit margin and survive in the competitive market. [40] Therefore, model chicken meatballs were deliberately spiked with crocodile meat samples and were blindly screened using the mPCR assay, prior to the mPCR-RFLP assay described above (Fig. 3) . Three sets of model chicken meatball adulterated with crocodile were made following [34] to test the sensitivity and to simulate the most likely forms of adulteration. This novel mPCR assay was first optimized and validated for sensitivity test in a very popular meat product, model chicken meatball, spiked with 10%, 1%, 0.5%, 0.1%, and 0.01% crocodile meat as shown in Fig. 3 . Then, these model chicken meatball products were tested under raw and heat treated conditions to evaluate the reliability and accuracy of the method to demonstrate the common forms of adulteration in the commercial food industry. [35] Additionally, the 10% crocodile-adulterated model chicken meatball products were subjected to boiling at 98°C for 90 min, autoclaving for 120°C at 2.5 h under 45 psi and microwave oven cooking at 700 W for 30 min because these treatments were known to break down DNA (Asing et al., 2016; Hossain et al., 2016) . To the best of our knowledge, no other studies have tested the double gene mPCR assay for crocodile under food processing conditions such as boiling, extreme autoclaving (2.5 h) and microwave cooking (700 W for 30 min). Previous research by Meganathan and coworkers [21] reported sensitivity up to 10 pg in highly putrefied crocodile samples, tissues, and blood, but the sensitivity under the processed sample remained inconclusive. In this research, double gene targeted species in model meatballs were amplified at all levels of adulteration including the 10% autoclaved model chicken meatball samples (Fig. 3) indicating a robust and reliable detection method.
Commercial meatball samples were also spiked with 0.1% crocodile meat and were used as positive control to simulate real-life matrices. [30] A total of three different 'halal' branded chicken meatballs (A-C) were purchased in triplicates and tested on three different days (Table 5) . While the crocodile meat-spiked model chicken meatballs PCR product was obtained from all positive controls, no commercial meatballs were found to be positive for crocodile DNA (result not shown), reflecting the absence of crocodile meat adulteration in chicken meatball formulations in Malaysia. The findings are significant in Malaysian prospect since the country is committed to develop a halalhub industry and has been strictly monitoring the halal standard of marketed foods. Another reason might be the higher prices of crocodiles over chicken that makes the crocodile adulteration in chicken unlikely for profit-making purposes.
Analysis of traditional medicines
Over the recent years, the trades of the numerous TMs have drastically increased because of their purported multi-cure efficacies. [44] The global alternative & complementary medicine market was valued at USD 40.32 billion in 2015. [45] Since some TMs may be made from the parts of wild animals, it has brought a great threat to the existence of several wildlife species such as elephants, rhinos and tigers to pangolins, reptiles, fish, and rare birds and plants. [1] The worldwide demands for TMs in increasing volumes, have put a great challenge in traffic control points such as airport officials in determining the biological origins and the consequent CITES status of animal ingredients contained in capsules, powders, liquids or tablets forms the final products; wherein their biological morphologies are drastically destroyed, bringing a failure to the currently available mass spectrometric, chromatographic, barcoding, and PCR techniques that rely on fragile long-length and unstable biological analytes. [46] Therefore, we applied here the optimized multiplex PCR-RFLP method to screen DNA in 21 different TM products collected from various outlets across Malaysia including four C. porosus containing the product for validation purpose ( Table 1) .
The amplified PCR products from the crocodile positive samples were digested with AciI restriction endonuclease enzyme and distinctive RFLP fingerprints (23, 44 , 54 and 83 bp) were obtained, identifying the C. porosus materials in TMs (Fig. 4) . Recently, [35] investigated 153 TM and found 40% (62/153) screened TMs contained undeclared Malayan box turtle. However, in the present case, all of four crocodile positive TM contained C. porosus and so no mislabelling was detected.
Our main objective was to develop a convenient, economical, and applicable method for the authentication of C. porosus in food and traditional medicines. However, most often the forensic laboratories receive highly degraded samples for examination [47] such as to determine animal ingredients contained in various forms of final products as described earlier in this report. [46] Hence, the determination of species origin using these samples becomes a challenging task. [48] Consequently, the current protocol proves efficient and economical without the further need of sequencing analysis, even in cases of highly degraded tissue samples. [19] 
Conclusion
Crocodylus porosus is one of 23 Crocodylus species, and despite being protected, it has been overexploited for its various organs, such as meat and skins, which are believed to have healing properties for uses in exotic food products and revitalizing TM. Hence, the population of this species has significantly declined, putting it at risk of extinction even though breeding programs are common nowadays due to laundering. Therefore, it is feared that continuous, high-volume exploitation might lead to a serious population decline in the wild, making the C. porosus extinct. The Malaysian government regulates the sale of this species in domestic or international markets, but the illegal trade is greatly suspected. Thus, there is a requirement for a dependable tracing method for C. porosus identification. This study has developed a multiplex PCR-RFLP assay having two different targets for the same species for the detection of crocodile under complex food matrices and TM. The targets were very short (77 bp and 127 bp) of mitochondrial cytb and atp6 origins and thus were very stable and available in multiple copies. The lower limit of detection (0.5%) was suitable for the analysis of processed foods such as meatballs and TMs. Although no mislabelling was detected when 21 TMs were screened, identification of the four products claimed to contain C. porosus DNA with distinctive AciI-restriction profiles, showed its real-life application in TM analysis. Thus, it might be practical and rationale to use this novel multiplex PCR-RFLP assay for any archaeological and forensic screening of C. porosus under any matrices with great reliability and confidence.
